ABSTRACT Rytter, J. L., Lukezic, F. L., Craig, R., and Moorman, G. W. 1989. Biological control of geranium rust by Bacillus subtilis. Phytopathology 79:367-370.
consuming. Cultural methods can injure plants, are labor Each assay consisted of three treatments, including rust spores in intensive, and are not acceptable to commercial growers. sterile tap water (control), a known strain of B. subtilis (Ehenberg) Inspection and quarantine procedures impose harsh economic Cohn (strain 13; The Pennsylvania State University, Department pressure on growers. Resistant germ plasm would be an excellent of Plant Pathology), and one of the 12 isolates from geranium alternative; however, years of breeding may be required to develop leaves. A water suspension of the candidate antagonist and the an acceptable cultivar. Even with these combined control efforts, known strain of B. subtilis was made from 48-hr cultures the appearance of rusted plants in greenhouses within the United maintained on NA slants. Bacterial densities were standardized by States still occurs. The purpose of this research was to evaluate the adjusting the suspension to 50% transmittance as measured with a feasibity of biological control for geranium rust by the use of a spectrophotometer at 640 nm. bacterial antagonist in the genus Bacillus. This genus was chosen Approximately 0.2 ml of the control, B. subtilis, and the because species are ubiquitious, possess a resistant spore stage, and candidate antagonist were added separately to depression wells of produce a multitude of broad-spectrum antibiotic compounds; double-depression microscope slides. Urediniospores (0.05 mg) and greenhouse and field control of rust diseases has been achieved were added to all wells, and slides were incubated for 24 hr in a with applications of Bacillus spp. (1, 2, 7, 15, 16 characteristics: Gram positive, presence of an endospore, catalase remained in the greenhouse until the fifth day when they were positive, oxidase negative, growth in anaerobic agar negative, Vogesinoculated with the rust fungus. Greenhouse temperatures ranged
Proskauer positive, hydrolysis of starch, colonies rough, wrinkled, from 21 to 29 C during treatment application times and then and dull on YDC agar.
dropped to an average of 18 C within a 3-hr period, remaining Biological control of P. pelargonii-zonalis. The most promising steady from 2000 to 0800 hr. antagonist, B. subtilis, strain 3, was tested for its ability to control On the fifth day, all 40 plants were inoculated with spores of P. rust on geranium. Test plants included cultivars Snowmass pelargonii-zonalis and placed in a dew chamber for 17 hr at 100% (diploid) and Springtime Irene (tetraploid) and were chosen RH and 21 C, after which they were removed and placed on a because of their high susceptibility to geranium rust (11,13).
greenhouse bench. Greenhouse temperatures were monitored 2 wk Culture-virus-indexed plants (18) from Oglevee Associates Inc., after inoculation. Maximum daytime temperatures ranged from 26 Connellsville, PA, were maintained in the containment facility at to 30 C, which occurred each day between 1400 and 1600 hr, then the Foreign Disease-Weed Science Research Unit, Frederick, MD.
dropped to an average of 15-20 C. RH ranged from 55 to 97% each Six to eight weeks after transplanting, fully expanded leaves in day. positions two, three, and four (counting from the apex downward)
Experimental design and statistical analyses. A completely were inoculated. Treatments consisted of a sterile distilled water randomized design was used for all experiments. Analyses of control (C), sterile nutrient broth (NB; Difco), washed bacterial variance were used to determine significant effects (19, 22) . Mean cells (WC), and a cell-free culture filtrate (CF). All treatments were separations were performed with the Waller-Duncan K-ratio applied to leaves before inoculation with rust spores.
t-test. All experiments were repeated once or twice as indicated. The WC treatment was prepared by centrifuging a 48-hr shake Bartlett's test of homogeneity of variances was used to compare culture (50 ml in 250-ml flask, 21 C) of the antagonist to obtain a within treatment variances in each trial. In most trials, variances pellet of bacterial cells. These cells were washed twice by were nonhomogeneous, thus raw data were transformed to log centrifugation and resuspended in 250 ml of sterile distilled water, (x + 1). Treatment means for individual trials were not pooled rendering a population density of approximately 106 colonybecause interactions were observed between treatments and trials. forming units (cfu)/ml (verified by dilution plating on NA). The
The mean number of pustules per square centimeter are presented CF treatment consisted of the filter-sterilized supernatant from the in the tables; however, analyses were performed on transformed washed cells; sterility was confirmed by plating on NA. Four plants data. Percent control was calculated with the formula (u -t) / u, of each cultivar, three leaf positions each, were sprayed with each where u is the untreated (control) and t is the treated. Percentages treatment. Treatments were applied to the upper and lower refer to comparisons of treatments with the water control. surfaces until runoff. When dry, approximately 30 min later, plants were inoculated with P. pelargonii-zonalis. RESULTS Inoculum consisted of 50 mg of urediniospores in 500 ml of sterile distilled water containing 0.1 ml of Tween 20 (2.0 X l04
Efficacy of the antagonist. Strain 3 of Bacillus subtilis spores/ ml). Inoculum was sprayed to the upper and lower surfaces significantly (P = 0.05) reduced disease severity when compared of the treated geranium leaves. After inoculation, plants were with a water (C) and a nutrient broth (NB) control (Table 1) . The placed in a dew chamber for 17 hr at 100% relative humidity (RH) washed bacterial cells (WC) and the cell-free culture filtrate (CF) and at 19-20 C, after which they were removed and placed on a consistently reduced the number of pustules per square centimeter greenhouse bench. The number of pustules per leaf position per on both cultivars. Compared with the water control, the filtrate plant for all treatments was counted and the total leaf area (square was most inhibitory and controlled rust by 84%, followed by the centimeter) measured by a Li-Cor portable area meter (Lambda washed cell treatment, which provided 71 % control across trials Instruments, Lincoln, NE) 20 days after inoculation, and cultivars. Significant differences (P -0.05) were observed Nutrient effect on the antagonist and the development of rust. A between the two bacterial treatments on cultivar Snowmass in each cell-free culture filtrate (CF) was compared with bacterial cells trial, with 81 and 66% reductions in rust infection for CF and WC, cultured and applied in nutrient broth (NB & B) to determine the respectively, as compared with C across trials. A significant effect of live cells in a nutrient solution on the development of difference between these treatments was observed only in one trial geranium rust. Both treatments consisted of 48-hr shake cultures for the cultivar Springtime Irene, with the CF reducing infection by (50 ml in 250-ml flask, 21 C) of the antagonist. Bacterial cells were 92% and the WC by 81% compared with C. In trials 1 and 2 removed from the CF as previously described. A water (C) and a combined, although not significant, the CF and WC treatments nutrient broth (NB) control also were included. At treatment reduced rust infection 91 and 81%, respectively, as compared with application time, the bacterial cell suspension (6.0 X 106 cfu/ml), the CF, and controls were sprayed onto leaf surfaces of cultivars Snowmass and Springtime Irene. C for this cultivar. In all trials, cultivar Springtime Irene had fewer persisted over a 4-day period and was approximately 96% pustules per square centimeter than Snowmass for all treatments, compared with eugon broth controls. Whereas differences Effect of nutrients on antagonism. When the antagonist was occurred among time periods, the inhibitory effect of the applied in a nutrient solution to leaf surfaces, rust control generally bacterium remained stable over time. was improved when compared with the cell-free culture filtrate (CF) ( Table 2 ). Nutrient broth plus bacterial cell suspension (NB DISCUSSION and B) was most inhibitory and, compared with the water control (C), controlled rust by 93% followed by the CF, which provided Various treatment applications of strain 3 of B. subtills 75% control across trials and cultivars. Significant differences consistently arrested the development of geranium rust under (P = 0.05) occurred between these treatments in each trial for greenhouse conditions. In the first experiment, the culture filtrate cultivar Snowmass, where NB and B reduced the number of was generally more inhibitory than the washed bacterial cell pustules by 92% and the CF by 70% for this cultivar compared with treatment. Possibly, this increase in inhibition was the result of C. Only in one trial was the difference between these two inhibitory metabolites produced by the bacterium diffusing into treatments significant for cultivar Springrime Irene; however, the filtrate and, upon treatment application, exerting a detrimental trends were similar in all trials. In this cultivar, the bacterial culture effect on the pathogen. It is well known that several strains of B. reduced rust infection by 95%, compared with the filtrate, which subtilis produce a variety of antibiotics, and, in many cases, this provided 84% control across trials. Cultivar Springtime Irene had has been the postulated mechanism of action by which this less infection when compared to Snowmass for all treatments in antagonist inhibits plant pathogens (3-5,9,12,14,17,23,24). When each trial.
bacterial cells were washed, these inhibitory substances possibly When the antagonist was cultured in eugon broth and nutrient were removed, resulting in less rust suppression; however, washed broth, significant differences in rust pustule development were cells did control rust infection by 71%. In this case, the inhibitory observed between the two treatments ( Table 3 ). Bacterial cells substances may have been produced by the cells surviving on the cultured in eugon broth (EB and B) inhibited geranium rust by 67% leaf surface, or liberated upon death of the cells. The mechanism of and those cultured in nutrient broth (NB and B) by 24% when action responsible for rust control in our experiments could, compared with water controls (C).
therefore, be the result of antibiosis defined by Cook and Baker (4) Persistence of the antagonist. Strain 3 of Bacillus subtilis as, "the inhibition or destruction of one organism by a metabolic cultured in eugon broth significantly inhibited the development of product of another." geranium rust at all time periods. (Table 4 ). Rust inhibition Studies on the role of nutrients and their effect on the pathogen/antagonist interaction indicate that more than one geranium rust. A toxic metabolite(s) was present in the culture TABLE 2. Effect of nutrient broth plus cells (NB and B) and a culture filtrate as well as the nutrient broth and bacterial cell suspension; filtrate (CF) of Bacillus subtilis, strain 3, on pustule development by however, the latter was more inhibitory. The major difference Results from the media comparison study support the hypothesis Snowmass that a nutrient effect may be occurring. suggest that competition for nutrients and the production of toxic YMeans within a trial followed by the same letter within a cultivar are metabolites by the bacterial antagonist may be occurring not significantly different according to the Waller-Duncan k-ratio f-test simultaneously to suppress the development of geranium rust. (k = 100, P =0.05). 
